Abstract: The effect of low pH and aluminum on nitrogen uptake and metabolism was studied in roots of Lotus japonicus grown in hydroponic cultures. The low pH slightly suppressed root elongation, and this effect was accompanied by the suppression of nitrate and ammonia uptake, as well as the nitrate reductase activity. In spite of high resistance of young Lotus plants to short-term Al application, the one-day treatment of Al strongly reduced nitrate uptake and also the activity of nitrate reductase (NRA) in the apical parts of roots. The glutamine synthetase activity was also suppressed by Al treatment, but in lower extent. On the other hand, the ammonium uptake and nitrite reductase activity stayed unchanged by Al treatment and the values were practically the same as in control plants. These results support the view that nitrate uptake and nitrate reduction might be the main processes responsible for Al induced growth retardation in Lotus plants grown in mineral acid soils.
Introduction
Aluminium (Al) is a major factor limiting plant growth and yield of important agricultural plants in acidic soils. At low pH values at or below 5, dissolution of Al-containing compounds is enhanced, and phytotoxic Al 3+ is released into soil solution and becomes accessible to plants. Due to the fact that acid soils are naturally low in phosphorus with high P-fixing capacity and soil acidity has a negative effect on the solubility of Ca, Mg and Mo, plants grown on acid soils suffer not only from Al 3+ , Mn 2+ , and H + toxicity but also from Mg, Ca, P and Mo deficiency. Formation of Al 3+ which is the most important rhizotoxic species negatively affects root growth, by inhibiting elongation of cells in distal part of transition zone in root apex (Sivaguru & Horst 1998) , and disrupting nutrient uptake and metabolism (Wagatsuma et al. 1987; Matsumoto 2000; Mariano & Keltjens 2005) . The toxicity of Al on N uptake and metabolism was described in different plant species, e.g. maize (Mistrík et al. 2000) , sorghum (Cambraia et al. 1989) , including legumes such as Phaseolus vulgaris (Massot et al. 1999) , Medicago sativa, Trifolium pratense and Lotus corniculatus (Baligar et al. 2001) .
The genera Lotus is considered to be more tolerant to acidic soils then most of other legumes (Emeades et al. 1991; Correa et al. 2001) . This fact together with other advantages (e.g. good growth on low phosphate content, high tannin content) make this genera very suitable for cultivated pastures located on poor and acidic soils.
Nitrogen metabolism is one of the most important factors often limiting plant growth in natural ecosystems and in most agricultural soils. Legumes have tree sources of inorganic N: nitrate, ammonium and atmospheric nitrogen fixed by symbiotic bacteria. In all three cases ammonium is finally assimilated by the glutamine synthetase (GS)/glutamate synthase (GOGAT) system (Schubert 1995) . Despite the ability to develop an endosymbiotic association with nitrogen-fixing bacteria, several reasons exist why nodulation may not occur (Woodall & Forde 1996) and nitrate if present in the soils in considerable amounts could be significant N-source even in nodulated or innodulated plants. Moreover, nitrate is an important signaling molecule and high nitrate content is known to downregulate the root nodulation and nitrogenase activity (Hussain et al. 1999, Parsons and Sunley 2001) . The reduction of nitrate in Lotus japonicus seems to be encoded by single Nia gene and occurs predominantly in the roots (Márquez et al. 2005; Prosser et al. 2006) , which are also the major target for aluminum toxicity. Therefore, understanding the stress response of nitrate uptake and reduction in Lotus would be also important for further investigations on plant-symbiont level.
Despite the well-known tolerance of Lotus to acid soils, little is known about its metabolic response to this type of stress. The aim of this work was to evaluate the ability of model plant (Lotus japonicus L.) to grow in low pH conditions and elevated concentrations of aluminium, as well as the impact of these conditions on nitrogen uptake and metabolism. 
Material and methods

Plant material and growth conditions
The 5 cm long shoot cuttings of Lotus japonicus cv. Gifu were planted in vermiculite. Plants were grown in controlled conditions (20
• C, 50% relative humidity, 16h/8h photoperiod and photosynthetic quantum flow density 200 µmol m −2 s −1 ) in "Hornum" nutrient solution (Handberg & Stougaard 1992) . After 10 days the plants were washed out and transferred to 3 L containers for the establishment of hydroponics. The hydroponic medium consisted of 1/10 strength "Hornum" media with some modifications (1 mM CaCl2, 0.5 mM KNO3, 0.5 mM NH4NO3 and 0.5 mM KCl). The medium was continuously aerated, replaced every 2 days. After 8 days, the plants were transferred to the fresh growth solution (1 mM CaCl2, 0.5 mM KNO3, 0.5 mM NH4NO3, 0.5 mM KCl) supplemented with different concentrations of AlCl3 (0-10 mM) The pH was maintained at pH 4.0 or 6.5 (±0.2) throughout the experiment.
Root growth increment was expressed as a difference in the length of roots treated for 5 days with Al and the length at the beginning of Al treatment (n = 15 plants).
Uptake measurements
Plants used for nitrate uptake experiments were pre-treated one day before the start of the nitrate uptake with solution containing 1 mM CaCl2, 0.2 mM KNO3 and 0-10 mM AlCl3, pH 4.0 or pH 6.5 (only control without Al) in order to trigger the inducible NO − 3 uptake system. The net NO − 3 uptake was calculated by following depletion from the uptake solution containing 1 mM CaCl2 and 0.15 mM KNO3. The pH of the uptake solution was about 5.5 (which is more-less a middle between the two pH used for pre-treatment). The nitrate concentration of the uptake solution was measured spectrophotometricaly and related to the root fresh weight (Paľove-Balang & Mistrík 2002) .
Plants for ammonia uptake measurements were treated similarly, except that the hydroponic solutions contained NH4Cl instead of KNO3. The depletion of ammonia from the uptake solution (1 mM CaCl2 and 0.2 mM NH4Cl) was determined by ion-selective microelectrode.
Nitrate content
Colorimetric determinations of nitrate content in root crude extracts were performed as described by Cataldo et al. (1975) , with slight modifications (Pajuelo et al. 2002) : 200 µL of 5% (w/v) salicylic acid dissolved in 96% (w/v) sulphuric acid was added to aliquots of 50 µL from the root crude extracts and left to react for 20 min. 4.75 mL of 2 M NaOH was added to the reaction mixtures and then the absorbance was read at 405 nm after cooling. A calibration curve of known amounts of nitrate dissolved in the standard extraction buffer was used for analytical determinations. Controls were set up without salicylic acid.
Nitrate and nitrite reductase activity assays
The plants were treated in hydroponic cultures containing 1 mM CaCl2, 2 mM KNO3 and 0-10 mM AlCl3 for a day at pH 4.0 or pH 6.5 (only control without Al). The 3 cm long apical parts of plant roots were quickly frozen in liquid nitrogen, homogenised and then kept at -80
• C until use. Root material (0.1 g) was ground in a mortar at 4
• C and resuspended in extraction buffer (0.5 mL). Extraction buffer contained: 100 mM HEPES-KOH pH 7.5, 10 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulphonylfluoride (PMSF), 3% (w/v) bovine serum albumin (BSA) and 0.1% (v/v) Triton X-100. The homogenates were centrifuged for 15 min at 15 000 × g and insoluble material was removed. The clear supernatants were immediately assayed for NR (Pajuelo et al. 2002) or NiR (Pajuelo et al. 1993 ) activities. Total NR activity assay was carried out in 1.5 mL eppendorf tubes containing 100 µL of the root extract, 250 µL of assay buffer (100 mM HEPES-KOH buffer, pH 7.5, 10 mM EDTA and 20 µM FAD), 50 µL 100 mM KNO3 and 50 µL of extraction buffer. The reaction was started by adding 50 µL of 2.1 mg/mL NADH and carried out at 30
• C for 30 min. Nitrite formation was measured as described elsewhere (De la Rosa et al. 1982) , using sulfanilamide and N-(1-naphtyl)-ethylenediamine dihydrochloride reagents. Nitrite formation rate was verified to be linear with time during assay. Blank tubes were processed as samples without addition of NADH. NiR activity assay was carried out using chemically reduced methyl viologen as electron donor according to Pajuelo et al. (1993) .
Glutamine synthetase activity
The biosynthetic activity of glutamine synthetase activity was determined in crude extracts (100 mM Tris-HCl pH 7.6, 5 mM EDTA and 0.1 % mercaptoethanol) of 3 cm apical part of roots. The assay mixture contained in a final volume of 100 mL: 10 µmol Tris-HCl (pH 7.50); 10 µmol Glu; 5 µmol NH4Cl; 5 µmol MgCl2; 0.75 µmol ATP (from a 100 mM stock at pH 7.50) and was incubated for 20 min at 37
• C (Betti et al. 2002) . The inorganic phosphate released from ATP hydrolysis was determined using the malachitegreen method (Lanzeta et al. 1979 ) blanks were identical but lacking Glu.
Results and discussion
The root growth of young Lotus plants grown in hydroponics was slightly sensitive to low pH, but showed high resistance to short-term Al treatment. Our experiment revealed that 5-day long exposure of plants to Al did not cause significant root inhibition up to 500 µM Al concentration. Significant reduction representing 47% root growth inhibition was found at 1 mM Al and nearly total inhibition of root growth was apparent at 10 mM Al (Table 1 ). In comparison with maize, where 150 µM Al practically stopped the root growth within 48 h (Mistrík et al. 1997 ) and in Al-sensitive barley even within 24 h (Budíková & Mistrík 1999) hand, Lotus seeds seem to be very sensitive to Al during germination (Paľove-Balang unpublished results).
Nitrate uptake by Lotus roots at low pH (4.0) applied at the start of the measurement was slightly lower then at "normal" pH (6.5) representing 83.87% of the uptake at pH 6.5. Addition of Al to the uptake solution caused further decrease of nitrate uptake, which showed dose-dependency ( Fig. 1) . However, even at 10 mM AlCl 3 the nitrate uptake was still about 65% of the uptake at low pH butt without Al. This short term effect of low pH and Al on nitrate uptake was less pronounced than longer exposure of root to this stressful condition (24 h). We demonstrated similar results on maize roots, when plants treated with Al for one hour showed only slight but not significant changes in nitrate uptake, but 24 h exposure of roots to 100 µM Al resulted in 54% reduction of nitrate uptake (Mistrík et al. 2000) .
The one day pretreatment of the roots in low pH (4.0) caused approximately 25% decrease of nitrate uptake as well as the uptake of ammonia, both measured at the pH 5.5, to have more-less the same level of the pH change at the start of the measurement ( Fig. 2A) . The application of Al during that pretreatment caused additional decrease of the nitrate uptake even at concentrations that were not inhibitory for the root growth. The highest Al concentration (10 mM), which in short term experiment induced 35% inhibition of nitrate uptake totally suppressed nitrate uptake after 24 h exposure. Because the Al was not present during the nitrate uptake measurements, the observed effect was likely due to its toxicity to the root cells and not to any direct interaction between the Al and nitrate ions. The uptake of ammonia was much less affected ( Fig. 2B) , showing considerable uptake even at highest Al concentration when only 28.05% reduction was observed. In comparison with nitrate uptake Al-induced inhibition of ammonium uptake represented only half of the value found in nitrate uptake inhibition. The stronger inhibition of nitrate uptake by Al in comparison with the ammonia uptake was also reported in maize, sorghum, and wheat (Fleming 1983; Purcino et al. 2003) , plant species which are in general more sensitive to Al toxicity than Lotus plants.
Reduction of nitrate uptake induced by Al was accompanied by a decline of nitrate content in Lotus roots. The extent of nitrate content reduction was concentration dependent and at highest Al concentration (10 mM) root nitrate content represented 77.28% that of roots without Al treatment (Fig. 3) .
The impact of Al and different pH of incubation solution on the activity of enzymes involved in nitrogen metabolism are presented in Fig. 4 . As well as in nitrate and ammonium uptake the impact of Al on the nitrate reductase, nitrite reductase and glutamine synthetase was partially different. Activity of nitrate reductase strongly decreased at low pH as well as after Al pretreatment. Acidification of incubation solution from pH 6.5 to 4.0 decreased the activity of nitrate reductase to the half of the activity at pH 6.5 and this drop dramatically continued with increasing Al concentration reaching complete inhibition of NR activity at 10 mM Al (Fig. 4A ). On the other hand, low pH had only a negligible effect on the activity of nitrite reductase, and also Al at concentration which totally blocked nitrate reductase induced only 29.64% inhibition of nitrite reductase (Fig. 4B) . The activity of glutamine synthetase was unaffected by low pH and Al pretreatment induced significant inhibition at 1 mM (18.71%) and 46.37% at 10 mM Al concentration (Fig. 4C) .
Unlike in other plants, nitrate reductase in Lotus japonicus seems to be encoded by the single gene encoding a nitrate-inducible enzyme (Prosser et al. 2006 ). Most of NR activity was found in the young roots regardless of the outer concentration of the nitrate source (Márquez et al. 2005) , wherefore its decrease has considerable effect on whole-plant level.
Activity of NR was assayed in the presence of EDTA, and is proportional to the steady-state protein concentration (Kaiser et al. 1993) . The lower nitrate uptake could be one of the reasons of the reduced activity of nitrate reductase. However, one day pre-treatment with Al caused only a slight drop of the nitrate content in root tissue (Fig. 3) , therefore it can not fully explain observed decrease in NR activity. Similarly, the insignificant decrease of nitrate content in root tissues treated by low pH (4.0) can not explain almost 50% reduction of nitrate reductase activity.
Glutamine syntetase activity in roots is provided dominantly by its cytosolic form, which is responsible for the primary ammonia assimilation (Márquez et al. 2005) . The activity of GS was determined after 1 day treatment with mixed N source. As the ammonia uptake was only slightly affected by Al pretreatment, the decrease of the GS activity can not be explained by the substrate insufficiency.
In conclusion, regardless of the high tolerance of roots of young Lotus plants to short-term Al treatment, the nitrate uptake and NR activity decreased strongly after Al treatment in rates, which are comparable to the much more sensitive plants, such as maize (Mistrík et al. 2000) and barley (Budíková & Mistrík 1999 ). Because of the negligible impact of Al on the activity of NiR and GS it seems that nitrate uptake and nitrate reduction are the primary targets of Al toxicity and this negative effect of Al on the N-metabolism might be the one of the main limiting factors for growth of inodulated Lotus plants on acid soils.
